Brome mosaic virus (BMV), a positivestrand RNA virus in the alphavirus-like superfamily, encodes two RNA replication proteins: 1a, which contains a helicaselike domain and a domain implicated in RNA capping, and 2a, which contains a polymerase-like domain. To further explore their functions, we expressed 1a and 2a individually and together in yeast also expressing replicatable transcripts of BMV genomic RNA3. Complementing prior results that 1a and 2a are required jointly for positive-strand RNA synthesis, both also were required for negative-strand RNA synthesis. Nevertheless, in the absence of 2a, 1a expression increased the accumulation of DNA-derived RNA3 transcripts 8-fold. Increased accumulation was specific for RNA3: none of a diverse set of yeast mRNAs tested showed increased accumulation in the presence of 1a. Increased RNA3 accumulation was not due to increased DNA transcription, but to a 20-to 40-fold increase in the in vivo half-life of RNA3 from 5-10 min in the absence of 1a to more than 3 hr in the presence of 1a. Although (1a؉2a)-dependent RNA replication selectively amplified the natural viral 5 end from among multiple transcription starts of DNA-derived RNA3 transcripts, 1a-induced stabilization affected all RNA3 transcripts, without specificity for the precise viral 5 end. Increased RNA3 accumulation did not increase expression of a directly translatable, 5-proximal gene in RNA3, implying that 1a-induced stabilization blocked rather than facilitated RNA3 translation. These and other results suggest that the striking, 1a-induced stabilization of RNA3 may ref lect an interaction involved in recruiting viral RNA templates into RNA replication while diverting them from the competing processes of translation and degradation.
After virion uncoating in a cell, the genomic RNAs of positivestrand RNA viruses serve as mRNAs. One or more early viral translation products then induce formation of a membranebound complex of viral and, in at least some cases, host proteins that direct RNA-dependent replication of the viral genomic RNA. For many viruses, the same or a similar complex also directs synthesis of one or more subgenomic mRNAs from the negative-strand genomic RNA replication intermediate. Identifying the roles and interactions of viral replication factors in the assembly and function of these replication͞mRNA synthesis complexes is thus crucial to understanding viral RNA replication and gene expression.
Brome mosaic virus (BMV), a member of the alphaviruslike superfamily of animal and plant positive-strand RNA viruses, has a genome divided among 5Ј-capped RNA1, RNA2, and RNA3 (1) . RNA3 encodes the 3a protein, which is required for cell-to-cell movement of BMV infection in its natural plant hosts (2) , and the coat protein, which is expressed from a subgenomic mRNA, RNA4. RNA1 and RNA2 encode proteins 1a and 2a, respectively, which are required for genomic RNA replication and subgenomic mRNA synthesis. Proteins 1a and 2a share three regions of sequence conservation with proteins encoded by all other members of the alphavirus-like superfamily: 2a (94 kDa) contains a central polymerase-like domain, whereas 1a (109 kDa) contains a C-terminal helicase-like region and an N-terminal domain implicated in viral RNA capping (1) . 1a and 2a interact in vitro (3, 4) and colocalize in vivo in an endoplasmic reticulumassociated replication complex that is the site of BMV-specific RNA synthesis (5) . Compatible interaction between 1a and 2a is required in vivo for positive-strand RNA synthesis, but whether 1a and 2a both are required for negative-strand RNA synthesis has not been established previously (6) .
Upon shifting to nonpermissive temperature, a temperature-sensitive mutation in the 1a helicase-like domain blocks further synthesis of positive-and negative-strand genomic RNA and subgenomic mRNA, suggesting that 1a is required in the synthesis of all forms of viral RNA (7) . In addition, exchanging genes and gene segments between BMV and a related bromovirus shows that 1a controls or contributes to template specificity in RNA replication (8) . However, the specific roles of 1a and the steps at which it acts have not been determined.
Expressing 1a and 2a in Saccharomyces cerevisiae allows this yeast to support RNA replication and subgenomic mRNA synthesis by RNA3 derivatives (9) . To initiate such replication, suitable RNA3 derivatives can be produced as in vitro transcripts and transfected into yeast (9) or transcribed in vivo from appropriately engineered yeast DNA plasmids or chromosomal insertions (10) . In addition to 1a and 2a, BMV RNA replication in yeast depends on multiple yeast genes (11) .
To further explore the functions of 1a and 2a and their effects on viral RNA, we expressed 1a and 2a separately in yeast also expressing replicatable BMV RNA3 transcripts. We found that, like positive-strand RNA synthesis, negative-strand RNA synthesis required both 1a and 2a. We also report that, in the absence of 2a, 1a markedly and selectively increased the in vivo stability of RNA3, transforming it from a short-lived mRNA to one of the longest-lived mRNAs known in yeast. However, despite its unusually long half-life, 1a-stabilized RNA3 was translated poorly if at all in vivo. Unlike full viral RNA replication, 1a-induced stabilization of RNA3 was not specific for the natural 5Ј end of RNA3. These results are consistent with a possible early role for 1a-RNA3 interaction in selecting viral RNA templates for replication and show that positive-strand RNA viruses can strongly and differentially regulate mRNA stability and translation.
MATERIALS AND METHODS
Plasmids. 1a and 2a were expressed from pB1CT19 and pB2CT15, yeast 2 plasmids with the HIS3 and LEU2 genes, respectively (9) . 1a frameshift derivative pB1CT28 was made by cutting pB1CT19 with MluI, treating with Klenow DNA polymerase, and religating. 1a translation then frameshifts after codon 199 and terminates after 15 additional codons. RNA3 was expressed from pB3 (laboratory designation pB3RQ39; ref. 10), a yeast centromeric TRP1 plasmid. To make pB3-5ЈCAT, the BamHI site 5Ј to the 3a gene in pB3TP10 (12) was introduced into pB3 by PCR, creating pB3MJ23. The 0.9-kb TaqI fragment from pBR325 was cloned between the BamHI and ClaI sites of pB3MJ23, thus replacing the 5Ј half of the 3a gene with the chloramphenicol acetyltransferase (CAT) gene.
Yeast. Strain YPH500 (Mat␣ ura3-52 lys2-801 ade2-101 trp1-⌬63 his3-⌬200 leu2-⌬1) was used throughout. Cultures were grown at 30°C in defined synthetic medium containing 2% glucose (glc) or 2% galactose (gal) (13) . His, leu, and trp were omitted as needed to select for pB1CT19, pB2CT15, and pB3.
RNA Analysis. Yeast cells were passaged three times in gal medium, keeping culture density below OD 600 ϭ 0.5-0.75 (20-24 hr per passage). Total RNA was extracted and analyzed by Northern blotting as described (9) .
Nuclear Run-On Assays. Yeast cells were permeabilized with n-lauroyl-sarcosine and transcripts were labeled with [␣-32 P]UTP (14) . RNA was extracted (9) and used to probe nylon membranes on which were immobilized full-length, negative-strand RNA3 in vitro transcripts from pB3RQ1, which contains the EcoRI-PstI fragment of pB3TP8 (15) cloned in pSP65 (Promega).
RESULTS
1a Increases Accumulation of DNA-Derived RNA3 Transcripts. To explore the individual effects of BMV RNA replication proteins 1a and 2a on BMV RNA, we expressed 1a, 2a, and 1aϩ2a in yeast also expressing wt BMV RNA3 transcripts. 1a and 2a were constitutively expressed from separate yeast DNA plasmids via the ADH1 promoter (9). RNA3 cDNA was inserted between the gal-inducible, glcrepressible yeast GAL1 promoter and a hepatitis ␦ virus ribozyme in yeast DNA plasmid pB3 to allow transcription of full-length, positive-strand RNA3 transcripts that self-cleave to produce the authentic 3Ј end of natural viral RNA3 (Fig. 1) . As shown previously (10) , production of these RNA3 transcripts in yeast coexpressing 1a and 2a initiated RNA3 replication and subgenomic mRNA synthesis via a negative-strand RNA3 intermediate. Such RNA replication led to an average 49-fold increase in positive-strand RNA3 levels over the accumulation of DNA-derived RNA3 transcripts in cells not expressing 1a or 2a ( Fig. 2A, lanes 1 and 4 and C) . Subgenomic RNA4 was absent unless 1a and 2a were expressed in combination, whereon it accumulated to levels similar to amplified genomic RNA3 (Fig. 2 A, lane 1) . Negative-strand RNA3 also appeared only in yeast expressing 1a and 2a (Fig. 2B) . Thus, not only positive-strand synthesis (6) but also negative-strand RNA synthesis require both 1a and 2a. As found earlier (7, 10) , cells expressing 1a, 2a, and RNA3 also accumulated some subgenomic RNA4-sized negative-strand RNA, but much more slowly than negative-strand RNA3 (Fig. 2B, lane 1) .
Unexpectedly, despite the absence of any negative-strand RNA3 that could direct RNA replication, yeast expressing 1a showed markedly higher accumulation of RNA3 transcripts than yeast expressing RNA3 alone (Fig. 2 A, lanes 2 and 4) . Comparison of five independent experiments showed that RNA3 accumulation in 1a-expressing cells averaged eight times higher than in cells lacking 1a (Fig. 2C ). Expressing 2a alone had no effect on the accumulation of RNA3 transcripts ( Fig. 2 A, lane 3) . To confirm that increased RNA3 accumulation was due to 1a rather than the HIS3-selectable marker gene or any other feature of the 1a expression plasmid, we inserted a frameshift mutation after codon 199 of the 961-codon 1a gene. This 1a mutant plasmid produced levels of 1a mRNA equivalent to the starting plasmid, but did not increase RNA3 transcript accumulation in the absence of 2a or support RNA3 replication or subgenomic RNA4 synthesis in the presence of 2a (results not shown).
1a Does Not Increase Accumulation of Other Yeast mRNAs. To see whether the effect of 1a on RNA3 transcript accumulation was general, we examined the accumulation of a variety of yeast mRNAs. Wt yeast and yeast expressing relevant combinations of 1a, 2a, and RNA3 were grown in parallel and total RNA extracts were made from each culture. Loading equal amounts of total RNA for each sample, duplicate sets of these samples were electrophoresed and transferred to nylon (Fig. 3) . ACT1 encodes actin, whose mRNA is often used as an internal standard for comparing total yeast RNA levels among samples. TUB1 encodes ␣-tubulin. CLN3 encodes a G 1 cyclin regulating the G 1 -to-S cell cycle transition (16) . DED1 encodes a DEAD-box, putative helicase protein implicated in translation initiation (17) . CYH2, TCM1, RPL13, and SSM1 encode ribosomal proteins. COX3 is a mitochondrially encoded gene for a cytochrome c oxidase subunit. The top membrane in Fig. 3 was probed for BMV RNA3 and confirms that these RNA samples display the typical, approximately 8-fold stimulation of RNA3 transcript accumulation in the presence of 1a (lane 2 vs. lanes 3-4). The lower panels show that no corresponding 1a-induced increase occurred for any of the nine diverse yeast gene transcripts tested. Rather, on 1a expression, the levels of many of these mRNAs declined approximately 2-fold for unknown reasons (lanes 1-2 vs. lanes 3-5). 1a-Stimulated RNA3 Accumulation Is Not Due to Increased DNA Transcription. Increased accumulation of RNA3 transcripts in yeast expressing 1a could result from increased transcription of RNA3 from pB3, decreased RNA3 degradation, or both. To compare levels of DNA-dependent RNA3 transcription in yeast with and without 1a, we performed run-on transcription assays (14) . Yeast expressing various BMV components were permeabilized with sarkosyl and incubated with ATP, CTP, GTP, and [␣-32 P]UTP to allow elongation of previously initiated nuclear RNA transcripts. The resulting 32 P-labeled RNA samples were hybridized to membranes on which an excess of unlabeled in vitro transcripts of full-length, negative-strand RNA3 had been immobilized.
As shown in Fig. 4 , the levels of 32 P-labeled positive-strand RNA3 transcripts hybridizing to the immobilized negativestrand RNA3 target were equivalent for yeast expressing RNA3 alone, 1aϩRNA3, or 2aϩRNA3 (Fig. 4, spots 2-4) . Matching results were obtained in independent experiments. The responsiveness of the assay to altered levels of input 32 P-labeled RNA3 transcript was confirmed in reconstruction experiments in which parallel membranes were incubated with varying, known amounts of 32 P-labeled RNA3 in vitro transcripts, in the presence or absence of run-on transcription products from YPH500 yeast without any BMV components. Thus, transcription of RNA3 from pB3 was not affected by expressing 1a or 2a independently. Two-to 2.5-fold greater synthesis of positive-strand RNA3 was observed in run-on assays of yeast expressing 1aϩ2aϩRNA3 (Fig. 4, spot 1) , presumably because of RNA-dependent replication of RNA3. This signal increase may not accurately reflect the level of BMV RNA polymerase in vivo, because the membrane-bound, cytoplasmic BMV RNA replication complex is sensitive to some detergents (18) and may have been inhibited by the sarkosyl permeabilization treatment.
1a-stimulated RNA3 Accumulation Is Due to Increased RNA3 Stability. To compare the stability of RNA3 transcripts in yeast in the presence and absence of 1a and 2a, we analyzed RNA3 decay after selectively inhibiting RNA3 transcription. Yeast expressing RNA3 alone or in combination with 1a, 2a, or both were passaged three times in gal medium to midexponential phase to ensure full induction and equilibration of GAL1 promoter-driven RNA3 transcription from pB3. The yeast were then washed with water and transferred to medium containing glc, which represses transcription from the GAL1 promoter within a few minutes (19, 20) . After transfer to glc, aliquots of the cells were removed at intervals and frozen at Ϫ70°C before RNA extraction and Northern blotting for RNA3. Fig. 5A shows typical Northern blots from such RNA3 decay analysis. Fig. 5B plots RNA3 decay curves averaged over three independent experiments by using a semilogarithmic plot so that the slope of each decay curve is inversely proportional to the half-life of RNA3. The results show a dramatic effect of 1a on RNA3 stability. In the absence of 1a, RNA3 decayed with a half-life of 5-10 min. This rapid decay was unchanged whether RNA3 was expressed alone or in the presence of 2a.
In the presence of 1a alone, RNA3 decay was slowed 20-to 40-fold, yielding a half-life greater than 3 hr. Thus, 30 min after glc addition, less than 10% of the starting RNA3 transcripts survived in yeast lacking 1a, whereas Ͼ90% remained in yeast expressing 1a.
In cells expressing 1aϩ2aϩRNA3, RNA3 levels did not decline detectably after transfer to glc, but maintained a steady-state level. This is consistent with Fig. 2 , which shows that 98% of the RNA3 in cells expressing 1aϩ2aϩRNA3 is produced by glc-insensitive, RNA-dependent RNA replication rather than glc-repressible, GAL1-promoted DNA transcription.
FIG. 3. Protein 1a
does not increase accumulation of varied yeast mRNAs. Yeast cells expressing the indicated BMV components were grown and total RNA was extracted as in Fig. 2 . Equal amounts of total RNA per sample were loaded in parallel on multiple formaldehyde gels (13) and transferred to nylon membranes, and individual membranes were probed for positive-strand BMV RNA3 (Top) or with random-primed, 32 P-labeled DNA fragments from yeast genes ACT1, CYH2, TCM1, CLN3, DED1, TUB1, RPL13A, SSM1b, and COX3, as indicated.
FIG. 4.
Nuclear run-on analysis of DNA-dependent RNA3 transcription. Yeast expressing the indicated BMV components were grown in gal-containing medium and permeabilized with sarkosyl, and nuclear RNA transcripts were labeled by incubating the permeabilized cells with [␣-32 P]UTP for 10 min (14) . Total RNA then was extracted and used to probe activated nylon membranes on which equal amounts of full-length, negative-strand, in vitro transcripts of RNA3 had been spotted and immobilized.
Biochemistry: Janda and Ahlquist
Proc. Natl. Acad. Sci. USA 95 (1998) 1a Acts on RNA3 Transcripts with Multiple 5 Start Sites. The GAL1-RNA3 cassette of pB3 (Fig. 1) produces multiple transcription starts, but 1a-and 2a-dependent RNA replication specifically amplifies the natural 5Ј end of RNA3 (10) . To see whether 1a-induced stabilization of RNA3 might also show high specificity for the natural RNA3 5Ј end, we used primer extension to compare the spectrum of 5Ј ends in RNA3 populations from gal-induced, pB3-containing yeast expressing 1a, 2a, both, or neither (Fig. 6 ). Yeast without 1a or 2a contained pB3-derived RNA3 transcripts with the previously observed, multiple 5Ј ends, including doublets at positions Ϫ2͞Ϫ3 and Ϫ8͞Ϫ9 relative to the 5Ј end of natural RNA3 and weaker bands at Ϫ1 to ϩ3 and Ϫ10 to Ϫ14 (Fig. 6, lane 5) . When 1a and 2a were coexpressed, the pB3-derived RNA3 transcripts were augmented by an intense doublet at ϩ1͞Ϫ1 (lane 2). This doublet corresponds to the 5Ј primer extension pattern of natural BMV RNA3 from virions (lane 1) and results from RNA-dependent replication of RNA3 (10) . The band at position ϩ1 represents the 5Ј end of the RNA proper whereas the upper, more intense band at position Ϫ1 is from cap-dependent incorporation of an additional nucleotide, as shown for RNA3 and other capped RNAs (21) .
Expressing 2a with RNA3 did not change the primer extension pattern from that of pB3 alone (Fig. 6, lanes 4 and 5) . Expressing 1a with RNA3 increased the overall intensity of the band pattern, but the relative intensity of bands in the spectrum of 5Ј ends in the RNA3 population showed little or no change from that seen with pB3 alone or pB3ϩ2a (lane 3). Thus, unlike 1aϩ2a-directed RNA3 replication, 1a-induced stabilization and increased accumulation of RNA3 displayed little or no selectivity for 5Ј ends at or near the natural RNA3 5Ј end relative to other ends in the pB3-derived RNA3 transcript population.
1a Stimulates Accumulation of RNA3 but Not an RNA3 Translation Product. To determine whether the 1a-induced increase in RNA3 stability and accumulation resulted in a comparable increase in the accumulation of a protein translated from RNA3, we replaced the 3a gene in pB3 with the CAT gene (Fig. 7A) . Yeast expressing the resulting B3-5ЈCAT RNA alone or with 1a, 2a, or both were assayed for RNA levels and CAT activity. Northern blotting showed that the effects of 1a and 2a on B3-5ЈCAT RNA paralleled their effects on wt RNA3 (compare Figs. 7B and 2 A): 2a alone had no effect on B3-5ЈCAT transcript accumulation (lanes 3-4), 1a alone stimulated accumulation of these transcripts 7-to 10-fold (lane 2), and 1aϩ2a amplified B3-5ЈCAT RNA 30-to 40-fold higher than starting transcript levels and induced similar levels of subgenomic RNA4 (lane 1).
As intended, the 5Ј-proximal CAT gene was translated from B3-5ЈCAT transcripts in the absence of 1a, 2a, and BMV subgenomic mRNA synthesis (Fig. 7C, lane 4) . However, in repeated experiments, the substantial 1a-and (1aϩ2a)-induced increases in B3-5ЈCAT RNA were not accompanied by comparable increases in CAT expression (Fig. 7C, lanes 1  and 2) . CAT activity in yeast expressing 1aϩB3-5ЈCAT RNA averaged only 28-32% higher than in yeast expressing B3-5ЈCAT alone. Moreover, this was not significantly different from CAT activity in 2aϩB3-5ЈCAT yeast, which had the same level of B3-5ЈCAT RNA as yeast expressing B3-5ЈCAT alone. Similar CAT activity was found in 1aϩ2aϩB3-5ЈCAT yeast despite even higher B3-5ЈCAT RNA accumulation. The failure of CAT expression to increase with B3-5ЈCAT RNA levels in 1aϩ2a-expressing yeast may be due solely to 1a-induced effects, as in 1aϩB3-5ЈCAT yeast. Coat protein might also have contributed to suppressing B3-5ЈCAT translation because recent work shows that production of wt RNA4 in yeast, as in 1aϩ2aϩB3-5ЈCAT yeast (Fig. 7B) , directs BMV coat protein synthesis and encapsidation of RNA3 derivatives (M. Krol and P.A., unpublished results). To allow for a possible lag between accumulation of B3-5ЈCAT RNA and CAT activity, FIG. 5 . Protein 1a extends RNA3 half-life. (A) Yeast expressing the indicated BMV components were grown in defined, gal-containing medium to induce RNA3 transcription from the pB3 GAL1 promoter. At time zero, these strains were transferred to defined, glc-containing medium to repress RNA3 transcription. For each strain, equal aliquots of cells were removed at the indicated times after transfer to glc medium and frozen at Ϫ70°C to stop further decay. Total RNA was then extracted, and equal amounts of total RNA from each sample were analyzed by Northern blotting, as in Fig. 2 A, to follow 
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Biochemistry: Janda and Ahlquist Proc. Natl. Acad. Sci. USA 95 (1998) all four yeast strains of Fig. 7 were assayed for RNA and CAT activity levels at 0, 1, 2, and 3 days after gal induction of B3-5ЈCAT transcription, but no significant variation in the results was observed. Thus, 7-to 10-fold increased accumulation of B3-5ЈCAT RNA in the presence of 1a did not lead to significantly increased B3-5ЈCAT RNA translation.
DISCUSSION
This study tested BMV RNA replication factors 1a and 2a in yeast for individual effects on BMV RNA3 replication templates. Neither 1a nor 2a alone induced negative-strand RNA3 (Fig. 2B) . In yeast coexpressing 1a and 2a, negative-strand RNA3 accumulation is higher when RNA-dependent amplification of positive-strand RNA3 occurs, but is easily detected even when RNA-dependent positive-strand RNA3 synthesis is blocked in cis by a 5Ј truncation (10, 22) . Thus, in the absence of 1a or 2a, negative-strand synthesis did not escape detection as an indirect consequence of inhibiting positive-strand RNA3 amplification (6). Rather, both 1a and 2a must be required during negative-strand synthesis, as in positive-strand genomic and subgenomic RNA synthesis. Because BMV positive-strand RNA synthesis requires some aspect(s) of 1a-2a interaction not required for negative-strand RNA synthesis (6) and negative-strand RNA synthesis terminates early in infection whereas positive-strand synthesis continues (7), it remains possible that positive-and negative-strand synthesis are carried out by functionally distinguishable complexes. Though unable to direct RNA synthesis on its own, the 1a expression plasmid induced a remarkable increase in the stability and accumulation of DNA-derived RNA3 transcripts in the absence of 2a (Figs. 2 and 5) . A 1a frameshift mutation abolished these effects, showing that they were functions of the 1a ORF and suggesting that functional 1a protein is required.
The increase in RNA3 stability conferred by 1a is particularly striking when compared with natural yeast mRNA stabilities. The 5-to 10-min RNA3 half-life in the absence of 1a corresponds to that of a moderately unstable yeast mRNA, whereas the Ͼ3-hr RNA3 half-life in the presence of 1a represents possibly the longest half-life recorded for an mRNA in yeast (23) (24) (25) .
1a did not increase the accumulation of any of a varied panel of yeast mRNAs (Fig. 3) , suggesting that it does not induce a general block to a major RNA degradation pathway. This selectivity for BMV RNA, the magnitude of RNA3 stabilization, and the established role of 1a in RNA replication suggest that 1a stabilization of RNA3 may result from a function of 1a that normally contributes to BMV infection. Such a 1a function might reflect a direct or indirect interaction between 1a and RNA3 replication templates, between 1a and progeny RNA3 products, or both.
One potential action of 1a on positive-strand RNA3 replication products is RNA capping, because the N-terminal 1a domain shares sequence similarity with alphavirus nsP1 proteins, which are implicated in m 7 G-methyltransferase and guanylyltransferase activity (26) . Decapping, followed rapidly by 5Ј to 3Ј exonuclease degradation, is an important control point in degrading many yeast mRNAs and at least some mammalian mRNAs (25, 27, 28) . Thus, one hypothesis for RNA3 stabilization could be selective recapping of decapped RNA3 by 1a. To produce the observed stabilization, such hypothetical 1a activity in recapping full-length RNA3 would have to outcompete both cell decapping and exonuclease Equal aliquots of each sample were analyzed for CAT activity by using 14 C-chloramphenicol and thin-layer chromatography, and ensuring that all sample activities were within the linear range of the assay (9, 10). The positions of chloramphenicol (Cm) and its acetylated derivatives (1AcCm, 3AcCm) are shown. CAT activity for each strain was normalized to expression in B3-5ЈCAT-expressing yeast lacking 1a and 2a, averaged over four, independent experiments, and presented with standard deviation below each lane.
activities. However, BMV RNA capping may normally be linked to BMV RNA synthesis (1, 6) , as in vaccinia virus and cellular mRNA transcription complexes (29) . More significantly, recapping would not explain the B3-5ЈCAT results showing that 1a inhibited RNA3 translation as well as degradation. Recapping alone would increase the pool of free, capped RNA3 derivatives and thus translation of those RNAs. For RNA3 derivatives with CAT substituted for the coat protein gene, CAT expression in yeast varies with the level of subgenomic CAT mRNA over at least a 10 5 -fold range (10) . In contrast, the 1a-induced, 800% increase in B3-5ЈCAT RNA accumulation was accompanied by, at most, a 32% increase in CAT expression (Fig. 7) , showing that the majority of 1a-stabilized B3-5ЈCAT RNA was not efficiently translated. Thus, whether capping is involved or not, 1a stabilization of RNA3 must involve other effects inhibitory to translation.
Several observations suggest that 1a-induced RNA3 stabilization might reflect processes involved in recruiting RNA3 templates into replication while removing them from the interfering pathways of translation and degradation. First, as noted in the Introduction, 1a controls at least some aspects of template specificity in RNA replication (8) . Second, the poor translation of 1a-stabilized B3-5ЈCAT RNA is reminiscent of initiation of RNA replication by positive-strand RNA bacteriophage Q␤. Q␤ replicase binding to positive-strand viral RNA both leads to initiating RNA synthesis and blocks further translation initiation (30, 31) . Mechanisms to clear viral RNA of ribosomes generally may be required to initiate positivestrand RNA virus RNA replication, because viral RNA translation must precede replication but reads RNAs in the opposite direction. Third, for yeast and other eukaryotes, nonsense codon-mediated mRNA degradation and other results demonstrate links between mRNA translation and degradation (27) . Thus, a 1a-mediated block to RNA3 translation, increased RNA3 stability, and recruitment of RNA3 replication templates could be linked effects of a single process.
Poliovirus RNA replication factor 3CD and a host factor bind poliovirus RNA at a 5Ј-proximal cloverleaf implicated in RNA replication, and recent results suggest that these interactions may inhibit viral translation in cis (32) . Similarly, viral polymerase binding to a 5Ј element in hepadnavirus pregenome RNA is required to initiate reverse transcription and may coordinately suppress translation (33, 34) . BMV 1a or a 1a complex also might inhibit RNA3 translation by RNA binding. Such binding might be to the 5Ј untranslated region or to distal regions of RNA3, because translational control elements have been found in 3Ј untranslated regions of other mRNAs (35, 36) . Similarly, stability control elements can be located throughout eukaryotic mRNAs (37) .
1a-induced RNA3 stabilization did not require the BMV 2a, 3a, or coat proteins or the 3a coding sequence and, unlike full RNA3 replication, was not inhibited by nonviral sequence extensions at the 5Ј end of RNA3. If 1a-induced RNA3 stabilization is related to using RNA3 as a replication template, its 2a-independent nature suggests that it may reflect an early step in template selection. Because of its unusual magnitude, 1a-induced RNA3 stabilization also may prove useful in illuminating general cellular mechanisms controlling mRNA stability and translation, important aspects of gene regulation.
